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Introduction D-Cycloserine is an oral antibiotic used in combination therapy against mycobacterium tuberculosis resistant to isoniazid/rifampicin (Weltman & Rose, 1994) . Since D-cycloserine may also enhance activation of the N-methyl-D-aspartate-coupled glycine receptor there is considerable interest in D-cycloserine as a potential therapeutic agent in age-associated memory impairment and Alzheimer's disease (Lanthorn, 1994; Quartermain et al., 1994) . Recently, Ranaldi et al. (1994) have shown that D-cycloserine is subject to net absorptive transport across monolayers of the human intestinal epithelial cell line Caco-2. Net transport in the apical to basal direction was saturable with a Km of 4.2 mM, and subject to competitive inhibition by a variety of amino acids including L-alanine, Dalanine, f,-alanine, and cx-aminoisobutyric acid. Absorptive transport was also stimulated by acidic apical media and was largely independent of bathing medium Na+.
Recently we have characterized a H+/amino acid symport in Caco-2 cells (Thwaites et al., 1993b,c; 1994b) . Proton coupling was directly established by measuring pH-dependent acceleration of net transport and acidification of the cytosol during superfusion of the apical medium with amino acids in Na+-free media. Additionally, since amino acids such as /3alanine are predominantly zwitterionic at the pH of the superfusion media used, we predicted that H+/substrate cotransport should be associated with an inward short-circuit current in voltage-clamped monolayers of Caco-2 cells (Thwaites et al., 1993b,c; 1994b) . Indeed those amino acids subject to H+ symport did generate an inward ISC which was stoichiometrically related to substrate transport (Thwaites et al., 1994b) .
The possibility that the oral bioavailability of D-cycloserine resulted from interaction with an endogenous transport path- ' Author for correspondence. way for amino acids linked to the transmembrane proton gradient has been investigated in the present paper by measurement of inhibition of proton-simulated L-alanine transport (Thwaites et al., 1994b) , by intracellular acidification after superfusion of the apical surface with D-cycloserine-containing media and by the rheogenic nature of this transport in Na+free media with the apical media held at acidic pH to optimize H+/symport activity (Thwaites et al., 1994b) . We conclude that D-cycloserine is indeed a substrate for the He-coupled amino acid transporter expressed in the apical membrane of Caco-2 human intestinal cells.
Methods

Cell culture
Caco-2 cells (passage number 95-114) were cultured in DMEM (with 4.5 g -I glucose), with 1% non-essential amino acids, 2 mM L-glutamine, 10% (v/v) foetal calf serum and gentamicin (60 pg ml-'). Cell monolayers were prepared by seeding at high density (4.4-5.0 x I05 cells cm-2) onto tissue culture inserts [Transwell polycarbonate filters (Costar)]. Cell monolayers were maintained at 37°C in a humidified atmosphere of 5% CO2 in air. Cell confluence was estimated by microscopy and determination of transepithelial electrical resistance (RT), measured at 37°C.
Transport experiments
Transport experiments were performed at least 16 days after seeding and 18-24 h after feeding. Transepithelial flux measurements were performed as described previously (Thwaites et al., 1993a; 1994a) . Briefly, the cell monolayers (24.5 mm in diameter) were washed by sequential transfer through 4 British Journal of Pharmacology (1995) 115, 761 -766 
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Intestnal absorption of D-cyclosedrne beakers containing 500 ml of modified Na'-free Krebs buffer (all mM): choline Cl 137, KCl 5.4, CaCl2 2.8, MgSO4 1.0, KH2PO4 0.3, glucose 10, HEPES/Tris 10 (pH 7.4, 370C) and placed in 6-well plates, each well containing 2 ml of modified Krebs buffer. Na'-free Krebs buffer (pH 7.4) (2 ml) was placed in the upper filter cup (apical solution) and the filters were incubated for 10 min at 37°C. The apical/basal solutions were then changed for experimental solutions containing radioisotope. The apical solution was held at pH 6.0 (prepared by replacement of 10 mM HEPES with 10 mM MES and adjustment to the required pH using Tris base). Radiolabelled [3H]-or ['4C]-L-alanine (0.5 MCi ml-; total concentration 100 jM) containing solutions were added to the apical and basal chamber, respectively. In experiments involving high (20 mM) concentrations of substrates, iso-molarity was maintained by addition of mannitol to control samples. Fluxes in the absorptive (apical-to-basal, Ja-b) and secretory (basal-toapical, Jba) directions were determined for 1 h and are expressed as pmol cm2 h71. Net flux Jaet = Ja-b-Jba. At the end of the incubation period cell monolayers were washed by sequential transfer through 4 beakers containing 500 ml volumes of Na+-free Krebs buffer (pH 7.4) at 4°C to remove any loosely-associated radiolabel, and removed from the insert. Cell monolayer-associated radiolabel was determined by scintillation counting. Cellular accumulation of L-alanine is expressed as uM or as a cell to medium ratio (C/M). Cell height was determined by confocal microscopy and this value was used in the determination of intracellular volume.
Electrophysiological determinations
Measurements of short-circuit current (I.) were made essentially as described previously (Thwaites et al., 1993b,d) . Cultured epithelial layers [on 12 mm diameter Snapwell (Costar) polycarbonate filters] were mounted in Ussing type chambers (Precision Instrument Design) maintained at 37°C, connected to an automatic voltage current clamp (WPI DVC 1000) via KCl/agar salt-bridges and reversible electrodes (Ag/AgCl for current passage, calomel for voltage sensing). Measurements of open-circuit electrical p.d., transepithelial resistance and short-circuit current (I,,) were made in modified and Na+-free Krebs solutions (see above). The chemical flux equivalent of the Isc (I,. = JzF, where J is the chemical flux, z the valence and F the Faraday constant) is 1 MA cm2= 36 nmol cm72 h-' for a monovalent ion.
Intracellular pH measurements
For intracellular pH (pHi) measurements (Thwaites et al., 1993a,b) , Caco-2 cells grown to confluence (15 days after seeding) on 12 mm diameter Transwell polycarbonate filters (Costar) were loaded by incubation with BCECF-AM (5 Mm), in both apical and basal chambers, for 40 min at 37°C. After loading, the inserts were placed in a 24 mm diameter perfusion chamber mounted on the stage of an inverted fluorescence microscope (Nikon Diaphot). Perfusion of the apical and basolateral chambers was accomplished by a compressed airdriven system (flow rate 5 ml min-', at 37°C). Media were either Na+-containing Krebs (choline Cl replaced by NaCl see above) or Na+-free where stated. Medium was pH 8.0 or 7.4 (TRIS/HEPES), or pH 7.0 to pH 5.0 (MES 10 mM adjusted with Tris). Intracellular H+ concentration was quantified by fluorescence (excitation at 440/490 nm and emission at 520 nm) from a small group of cells (5-10) using a photon counting system (Newcastle Photometric Systems). Intracellular BCECF fluorescence was converted to pHi by comparison with values from an intracellular calibration curve using nigenicin (10 MM) and high K+ solutions (Thwaites et al., 1994a) . The initial rate of change (0 -30 s) of pHi (ApHi min-') following exposure to D-cycloserine was calculated by linear regression using Photon Counter System 4.7 (Newcastle Photometric Systems).
Materials
Cell culture media, supplements and plastic were supplied by Life Technologies. All other chemicals were from Sigma or Merck.
Statistics
Results are expressed as mean+s.e.mean (n). Statistical analyses was performed by one-way analysis of variance (ANOVA) using Dunnett's multiple comparison test to compare mean values. Constants for Michaelis-Menten kinetics were calculated by non-linear regression with the method of least-squares (FIG-P, Biosoft) .
Results
L-Alanine transport in Na+-free media can be energized via a proton gradient across the apical membrane of intact Caco-2 intestinal epithelial layers (Thwaites et al., 1994b) . With the apical medium held at pH 6.0, apical to basal (Ja.b) L-alanine transport (8.2 ± 0.6 (mean ± s.e.mean) nmol cm-2 h-', n =6) a 7 r 762 exceeds basal to apical (Jb-a) L-alanine transport (4.1 +0.6 nmol cm-2 h-1, n = 6) and a significant net absorption (Jnet = Ja wJb-a = 3.9 ± 0.2 nmol cm-2 h-', n = 6, paired determinations) is observed (Figure la, see also Table 1 ). In addition L-alanine accumulates across the apical membrane above medium values, a cell/medium ratio of 3.0 + 0.1 (n = 6) being observed ( Figure Ib) . No such L-alanine accumulation is detected at the basal membrane (C/M ratio = 1.1 + 0.1, n = 6, Figure Ib ). Table 1 shows that a number of amino acids (all present at 20 mm in both apical and basal bathing media) will inhibit the proton-driven net L-alanine transport (Jnet) and cellular accumulation at the apical membrane; L-alanine, fialanine, L-proline and glycine are all effective. In contrast Lvaline is ineffective (Table 1) . This is in agreement with the partial specificity of this transporter as described previously (Thwaites et al., 1993b,c; 1994b) . D-Cycloserine (20 mM) is an effective inhibitor both of L-alanine net transport (Jnet) and cellular accumulation (Table 1, Figure 1 ), consistent with its transport by the H + /coupled amino acid transporter. In addition to inhibition of apical L-alanine accumulation, 20 mM D-cycloserine also inhibits equilibration of L-alanine at the basal membrane (from a C/M ratio of 1.04 + 0.01 (n = 6) to 0.51+0.03 (n=6), P<0.05). At 20 mM, D-serine is a more effective inhibitor of L-alanine net transport and apical accumulation than is L-serine (Table 1) . Inhibition of basal accumulation of L-alanine by 20 mM D-serine and L-serine was not significantly reduced (C/M ratio 0.74 + 0.06 (n = 4) and 0.75+0.08 (n=8), respectively). The inhibition of L-alanine Jnet and accumulation across the apical membrane by D-cycloserine is dose-dependent ( Figure  1 ). Half maximal inhibition of net alanine transport was observed at 1.2 + 0.45 mM D-cycloserine, whilst half-maximal inhibition of apical accumulation of L-alanine was observed at 2.5 + 1.0 mM D-cycloserine. This value compares to half-maximal saturation of D-cycloserine transport in Caco-2 epithelia of 4.2 mM observed by Ranaldi et al. (1994) .
Substrate-induced H +-flow may be monitored by substrateinduced cytosolic acidification (Thwaites et al., 1993b,c; 1994b) . Figures 2-4 demonstrate that apical superfusion of Dcycloserine causes marked intracellular acidification which is reversed upon removal of the substrate. The effect of D-Cycloserine (5 mM) at the basolateral surface is not as marked as at the apical surface ( Figure 2 ). The initial rate (30 s) of intracellular acidification with D-cycloserine (20 mM) at pH 6.0 was 0.48 + 0.08 pH units min-' (n = 4). The response to D-Cycloserine (20 mM) is unaffected by Na+ removal (Figure 3 ). In Na+ -free media the initial rate of cytosolic acidification with apical D-cycloserine at pH 6.0 was 0.59+0.10 pH units min-' (n = 8). Figure 4 shows that intracellular acidification upon Dcycloserine superfusion is dependent upon medium pH, the extent of intracellular acidification being more marked as apical media are made progressively more acidic. A similar pattern of response is observed for L-proline ( Figure 4b ). These observations of D-cycloserine-induced acidification are consistent with H+/D-cycloserine cotransport. Recovery of intracellular pH after an acid load (Figure 3 ) is dependent upon Na+ in the apical medium.
Substrate-induced H + -flow may also be monitored by substrate induced I4. in Na+ -free media (Thwaites et al., 1993d;  1994b), where the apical pH is held at pH 6.0. Table 1 shows that those amino acids capable of H+/symport induce an inward I4C under these conditions (L-alanine, ,B-alanine, L-proline and glycine are all effective in stimulating an inward 4L In contrast L-valine is ineffective. There is thus concordance between the ability to inhibit L-alanine Jne,, apical accumulation and stimulate inward ISC. This correlation extends to D-CYClOserine and D-serine. L-Serine is a relatively poor substrate (see above). Figure 5 shows that the ability of D-cycloserine to stimulate inward IS4 is dose-dependent; half-maximal saturation of the increase in I4, is observed at 15.8 + 2.0 mM. The maximal transport rate from the increment in I4C is 373.7+20.8 nmol cm2 h-1; this compares to 21 nmol mg-' protein reported by Ranaldi et al. (1994) Figure 2 Intracellular pH measured in BCECF-loaded Caco-2 cell monolayers. The effect on intracellular pH of exposure to Dcycloserine (5mM) (solid bars) at the apical surface (a) (superfused with Na + -containing Krebs at pH 7.0) and the basolateral surface (b) (superfused with Na+-containing Krebs at pH7.0). 10.6+ 1.5 (6) 10.1+1.1 (7) 5.2+ 1.5 (4) 1.9 +0.1 (5) 4.8 + 1.0 (6) 0.1+0.1 (5)NS Caco-2 epithelia were bathed in Na+-free choline media with the apical medium pH held at pH 6.0 and basal bathing medium held at pH 7.4. For determination of net flux (net), and cellular accumulation from the apical medium, L-alanine was at 100 PM. Numbers of separate determinations on individual epithelial layers are shown in parentheses. Data are the mean s.e.mean. AIB =aaminoisobutyric acid. 215 nmol cm2 h-1 (Thwaites et al., 1993b) and for L-alanine of 270 nmol cm-2 h-' (Thwaites et al., 1994b) . If D-cycloserine transport is via the H+/amino acid symport alone then sequential addition of substrate amino acids and D-cycloserine should give rise to non-additive actions on inwards ISC. Figure 6 compares the response of ISc to 20 mM P-alanine superfusion at the apical membrane followed by 20 mM D-cycloserine together with further additions of fl-alanine and glycine. It is apparent that the response to JJ-alanine (and glycine) in the presence of D-cycloserine is markedly reduced or abolished. Thus D-cycloserine must share the H+/amino acid transporter at the apical membrane of Caco-2 epithelia.
Discussion
The gastrointestinal epithelium presents the major rate-limiting factor in the absorption of many hydrophilic compounds of pharmaceutical interest. Surprisingly high levels of oral bioavailability are observed with peptide-like drugs (Humphrey, 1986; Humphrey & Ringrose, 1986) . Some /-lactam antibiotics (cefadroxil and cephalexin) and angiotensin converting enzyme (ACE) inhibitors (enalapril maleate and captropril) are now known to be effective substrates for the H + /ditripeptide transporter present in the apical membrane of intestinal enterocytes (Fei et al., 1994; Boll et al., 1994; Thwaites et al., 1994a) . Conversely, cefazolin and lisinopril, which are poor substrates, have poor oral bioavailability (Boll et al., 1994; Thwaites et al., 1994a; 1995a) . The H+/di-tripeptide transporter (PepTl) has recently been cloned and sequenced (Fei et al., 1994; Boll et al., 1994) . The specificity of PepT1 expressed in Xenopus laevis oocytes is essentially identical to that observed for human intestinal Caco-2 epithelial cells (Thwaites et al., 1994a) . Thus there is precedent for endogenous transporters (whose physiological function is substrate absorption from the gastrointestinal tract) acting as specific portals for drug entry from oral dosage forms.
This work has tested the hypothesis that D-cycloserine is a substrate for the previously described H+/amino acid symport present in the apical membranes of Caco-2 epithelial cells. Measurements of acid-stimulated amino acid flux in Na+-free choline media, amino acid inhibition of substrate flux, amino acid-dependent intracellular acidification and measurement of amino acid increments in inward I4. have indicated that glycine, proline, hydroxyproline, sarcosine, betaine, taurine, flalanine, cx-aminoisobutyric acid (AIB), oc-methylaminoisobutyric acid (MeAIB), y-amino-n-butyric acid (GABA) and Lalanine are all substrates for pH-dependent transport in the brush-border of Caco-2 cells (Thwaites et at., 1993b,c; 1994b; 1995b;  unpublished observations). Both D-serine and D-alanine were also substrates (unpublished observations). In contrast leucine, isoleucine, valine, phenylalanine, methionine, threonine, cysteine, asparagine, glutamine, histidine, arginine, lysine, glutamate and D-aspartate were not effective substrates (Thwaites et at., 1993b,c; 1994b; unpublished observations) . Many of the amino acid substrates (including proline, fl-alanine, taurine, sarcosine and GABA) accessing the H +coupled carrier in this human intestinal epithelium are also transported via the Na'-dependent (Cl--independent) Imino carrier characterized in rat small intestine (Munck et at., 1994) .
Also the rat Imino carrier and the Caco-2 +-coupled transporter both show preference for the D-rather than L-form of serine. The main difference in transport via these two transporters is that L-alanine is transported in Caco-2 cells (Thwaites et at., 1994b) but is not transported by the rat Imino carrier (Munck et at., 1994) .
The present data have used inhibition of acid-stimulated L-alanine transport and accumulation in Na -free media, together with acidification of intracellular pH and stimulation of inward Incr as measures of Hir/amino acid symport. The stoichiometry of the cotransport was 1:1 for Hb +/L-alanine cotransport (Thwaites et at., 1994b) . The rheogenic nature of the H +a-coupled dipeptide transport has been established in intestine (Ganapathy & Leibach, 1985) , in oocytes where the cloned transporter (PepTi) has been expressed (Fei et at., 1994) , and in Caco-2 epithelia (Thwaites et at., 1993d) . For He/amino acid cotransport an analogous situation exists and amino acid substrates stimulate an inward whose magnitude is entirely consistent with a 1:1 stoichiometry for He/amino acid cotransport. This suggests that measurements of substrate-stimulated ga can be used to characterize a candidate substrate.
The present data show that D-cycloserine is capable of strong inhibition of both L-alanine transport and accumulation in Nan-free media and of stimulation of an inward similar to that observed with other amino acid substrates and derivatives.
That D-CyCloserine is a zwitterion at the pH values used in this study (Ranaldi et al., 1994) indicates that the most likely explanation of the rheogenicity of D-cycloserine transport is proton/D-cycloserine symport. This is confirmed by the marked intracellular acidification observed with D-cycloserine upon superfusion of the apical surface. The Na+ -independence of the intracellular acidification with D-cycloserine substantiates the finding of Ranaldi et al. (1994) that D-cycloserine net transport is only slightly reduced in Na'-free media. That fl-alanine and glycine give non-additive responses to inward Ic when added in conjunction is compelling evidence that these amino acids share a common H+/amino acid transporter.
Competition studies of D-cycloserine absorption in Caco-2 epithelia (Ranaldi et al., 1994) are in broad agreement with the present data; those amino acids capable of competitive inhibition include L-alanine, /3-alanine, D-alanine, L-proline, hydroxy-L-proline and a-aminoisobutyric acid. Those amino acids not capable of inhibition of D-cycloserine absorption included leucine, isoleucine, valine, phenylalanine, methionine, asparagine, glutamine, histidine, arginine, lysine, glutamate and D-aspartate. Those amino acids where there is inhibition of D-cycloserine absorption but which are not substrates for H + /amino acid symport are threonine and cysteine (Ranaldi et al., 1994) . Thus in broad terms there is good agreement that Dcycloserine absorption is mediated via the H+/amino acid transporter expressed in the apical membrane of intestinal Caco-2 cells.
In order to achieve transepithelial absorption, D-cycloserine must exit across the basolateral membrane into the basal medium. In intestinal enterocytes exit of amino acids across the basolateral membrane may occur by simple diffusion. In addition the Na' -dependent systems A and ASC and the Na+independent systems L and asc contribute to amino acid transport across the basolateral membrane (Barker & Ellory, 1990; Lash & Jones, 1984; Stevens et al., 1984) . In Caco-2 epithelia equilibration of glycine across the basolateral membrane in Na+-free conditions is inhibited by glycine L-alanine, proline, AIB, leucine, valine, serine, phenylalanine, methionine, threonine, isoleucine, cysteine, glutamine, asparagine and histidine (D.T. Thwaites, unpublished) . These are all substrates for the Na+ -independent systems L and/or asc (Shotwell et al., 1981; Lash & Jones, 1984; Barker & Ellory, 1990 ) so that this suggests that systems L and asc co-exist at the basolateral membrane of Caco-2 cells. The inhibition of accumulation of L-alanine by D-cycloserine in Na+-free media suggests that Dcycloserine exit is mediated in part by systems L and/or asc. In contrast to amino acids D-cycloserine causes a small intracellular acidification at the basal-lateral surface. This is similar to that seen with cephalexin at the basolateral surface (Thwaites et al., 1993a) suggesting alternate pathways for Dcycloserine transport at the basolateral membrane. It is possible that inhibitory effects of amino acids on D-cycloserine absorption may be due to inhibition at the basolateral membrane, thus explaining the differences observed between the specificity of H+/amino acid transport and inhibition of Dcycloserine transport.
Under physiological conditions the existence of an acidic microclimate adjacent to the absorptive epithelium will be important forH+-coupled solute absorption (Lucas et al., 1975; McEwan et al., 1988) . Whether pathophysiological change in microclimate acidity alters nutrient absorptive capacity remains to be determined. D-Cycloserine absorption is thus an additional example of oral bioavailability being dependent upon intrinsic transport mechanisms enabling transepithelial transport. Attention should be paid at an early stage to the structure-activity requirements for absorptive transport versus the structure-activity of the pharmaceutical site of action to determine common or contradictory requirements.
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